Marked hyperemia accompanies reperfusion after ischemia in the brain, and may account for the pro pensity of cerebral hemorrhage to follow embolic stroke or carotid endarterectomy, and for the morbidity that fol lows head injury or the ligation of large arteriovenous malformations. To evaluate the contribution of trigeminal sensory fibers to the hyperemic response, CBF was de termined in 12 symmetrical brain regions, using micro spheres with up to five different isotopic labels, in four groups of cats. Measurements were made at 15-min inter vals for up to 2 h of reperfusion after global cerebral ischemia induced by four-vessel occlusion combined with systemic hypotension of either 10-or 20-min duration. In normal animals, hyperemia in cortical gray matter 30 min after reperfusion was significantly greater after 20 min (n = 10) than after 10 min (n = 7) of ischemia (312 milIOO g/min versus 245 ml/100 g/min; p < 0.01). CBF returned to preischemic levels �45 min after reperfusion and was reduced to �65% of basal CBF for the remaining 75 min. In cats subjected to chronic trigeminal ganglionectomy (n = 15), postocclusive hyperemia in cortical gray matter was attenuated by up to 48% on the denervated side (249 versus 150 ml/100 g/min; p < 0.01) after 10 min of isch emia. This effect was maximal in the middle cerebral ar-Restoration of blood flow after transient ischemia results in vasodilatation and an increase in blood flow in many organs, including the brain (Kagstrom 261 tery (MCA) territory, and was confined to regions known to receive a trigeminal innervation. In these animals, sub stance P (SP) levels in the MCA were reduced by 64% (p < 0.01), and the density of nerve fibers containing calci tonin gene-related peptide (but not vasoactive intestinal polypeptide or neuropeptide Y) was decreased markedly on the lesioned side. Topical application of capsaicin (100 nM; 50 f.LI) to the middle or posterior temporal branch of the MCA 10-14 days before ischemia decreased SP levels by 36%. Postocclusive hyperemia in cortical gray matter was attenuated throughout the ipsilateral hemisphere by up to 58%, but the cerebral vascular response to hyper capnia (PaC02 = 60 mm Hg) was unimpaired. The dura tion of hyperemia and the severity of the delayed hypo perfusion were not influenced by trigeminalectomy, cap saicin application, or the intravenous administration of ATP. These data demonstrate the importance of neuro genic mechanisms in the development of postischemic hyperperfusion, and suggest the potential utility of strat egies aimed at blocking axon reflex-like mechanisms to reduce severe cortical hyperemia.
Summary: Marked hyperemia accompanies reperfusion after ischemia in the brain, and may account for the pro pensity of cerebral hemorrhage to follow embolic stroke or carotid endarterectomy, and for the morbidity that fol lows head injury or the ligation of large arteriovenous malformations. To evaluate the contribution of trigeminal sensory fibers to the hyperemic response, CBF was de termined in 12 symmetrical brain regions, using micro spheres with up to five different isotopic labels, in four groups of cats. Measurements were made at 15-min inter vals for up to 2 h of reperfusion after global cerebral ischemia induced by four-vessel occlusion combined with systemic hypotension of either 10-or 20-min duration. In normal animals, hyperemia in cortical gray matter 30 min after reperfusion was significantly greater after 20 min (n = 10) than after 10 min (n = 7) of ischemia (312 milIOO g/min versus 245 ml/100 g/min; p < 0.01). CBF returned to preischemic levels �45 min after reperfusion and was reduced to �65% of basal CBF for the remaining 75 min. In cats subjected to chronic trigeminal ganglionectomy (n = 15), postocclusive hyperemia in cortical gray matter was attenuated by up to 48% on the denervated side (249 versus 150 ml/100 g/min; p < 0.01) after 10 min of isch emia. This effect was maximal in the middle cerebral ar-Restoration of blood flow after transient ischemia results in vasodilatation and an increase in blood flow in many organs, including the brain (Kagstrom tery (MCA) territory, and was confined to regions known to receive a trigeminal innervation. In these animals, sub stance P (SP) levels in the MCA were reduced by 64% (p < 0.01), and the density of nerve fibers containing calci tonin gene-related peptide (but not vasoactive intestinal polypeptide or neuropeptide Y) was decreased markedly on the lesioned side. Topical application of capsaicin (100 nM; 50 f.LI) to the middle or posterior temporal branch of the MCA 10-14 days before ischemia decreased SP levels by 36%. Postocclusive hyperemia in cortical gray matter was attenuated throughout the ipsilateral hemisphere by up to 58%, but the cerebral vascular response to hyper capnia (PaC02 = 60 mm Hg) was unimpaired. The dura tion of hyperemia and the severity of the delayed hypo perfusion were not influenced by trigeminalectomy, cap saicin application, or the intravenous administration of ATP. These data demonstrate the importance of neuro genic mechanisms in the development of postischemic hyperperfusion, and suggest the potential utility of strat egies aimed at blocking axon reflex-like mechanisms to reduce severe cortical hyperemia. Key Words: Trigeminal nerve-Substance P-Capsaicin-Calcitonin gene related peptide-Cerebral ischemia-Hyperemia. et aI., 1983) , kidney (Aizawa and Honda, 1977) , heart (Marcus et aI., 1981) , and skeletal muscle (Klabunde and Johnson, 1977) . Blood flow during reperfusion greatly exceeds tissue demands for ox ygen (Gourley and Heistad, 1984) , and in the brain this may lead to hemorrhage or swelling, thereby exacerbating the ischemic insult (Reigel et aI., 1987; Batjer et aI., 1989; Powers and Smith, 1990) . Hyper emia may also exacerbate cerebral edema accom panying acute head injury (Enevoldsen et al., 1976) .
The mechanisms underlying postocclusive hyper emia are both incompletely understood and multi factorial. In a rodent model of forebrain ischemia, Pulsinelli et al. (1982a) identified three phases. A short-lived period of acute hyperemia was followed by a second phase of delayed hypoperfusion. A third phase of delayed hyperemia developed 24-48 h later, but was confined to areas showing histolog ical evidence of moderate-to-severe neuronal in jury, and probably represents the consequence rather than the cause of tissue damage.
Recent reports from our laboratory have shown that trigeminal neurogenic mechanisms are in part responsible for the phase of acute hyperperfusion (Moskowitz et al., 1989a; Sakas et al., 1989) . Trigeminovascular sensory afferent nerves are largely unmyelinated C fibers surrounding cerebral arteries, arterioles, and veins. They contain several neuropeptides including substance P (SP), calcito nin gene-related peptide (CGRP), and neurokinin A (NKA), all of which are vasodilators (see Moskow itz et aI., 1989b for review). In addition, SP and NKA also promote increased vascular permeabil ity. The cell bodies are located in the medial portion of the trigeminal ganglion, among cells projecting from the ophthalmic division (Mayberg et al., 1981; Mayberg et al., 1984) . Many of the molecules known to increase during ischemia such as potas sium, bradykinin, adenosine, and arachidonate me tabolites are either stimulators or potentiators of C-fiber activation, and may mediate the neurogenic response (Moskowitz et al., 1988) . Chronic trigem inal ganglionectomy markedly attenuates cortical hyperperfusion, whereas trigeminal rhizotomy has no such effect, indicating that axon reflex-like mechanisms are involved.
The studies reported here were undertaken to ex tend these observations and to clarify the influence of trigeminovascular fibers on the duration of hy peremia, CBF during delayed hypoperfusion, and to assess more selective means of denervating pial vessels. The drug capsaicin was chosen because of its selective effect on small, unmyelinated axons and primary sensory neurons (for review see Buck and Burks, 1986) . Ethmoidal nerve transection was attempted as a more selective surgical denervation procedure in the light of the demonstration by Su zuki et al. (1989) that trigeminovascular fibers in rodents are relayed to the circle of Willis in the nasociliary nerve via the anterior ethmoidal fora men.
MATERIALS AND METHODS
Adult mongrel cats of either sex weighing 2.2-5.2 kg were used for all experiments. Animals were either intact J Cereb Blood Flow Metab, Vol. n. No.2, 1991 or had undergone one of three surgical procedures 10--20 days before blood flow studies.
Surgical lesion: trigeminal ganglionectomy
Cats were anesthetized with ketamine hydrochloride 25 mg/kg i.m. and halothane 2-4% by inhalation. After en dotracheal intubation and mechanical ventilation, anes thesia was maintained with halothane 2%. The head was held in a holding frame. Under aseptic conditions, a ver tical incision was made in the left temporal region, and the temporal bone was exposed by division of the tem poralis muscle. After temporal craniectomy, the middle meningeal artery was coagulated at the foramen spino sum. The dura was freed from the floor of the middle cranial fossa, and the temporal lobe was gently retracted rostrally to expose the trigeminal ganglion. After irriga tion with 1% lidocaine solution, the trigeminal root was divided at the level of the posterior clinoid process. The ganglion was progressively mobilized from Meckel's cave and the lateral wall of the cavernous sinus. This inevita bly provoked bleeding from branches of the rete mirabile, which was controlled using bipolar diathermy and hemo static gauze. The three branches of the nerve were then divided at their respective foramina. Particular attention was paid to the ophthalmic division, where the majority of fibers destined for the cerebral vessels are located, and where ganglion cells may be located as far distally as the superior orbital fissure. After wound closure, an ipsilat eral tarsorrhaphy was performed to prevent exposure keratitis. Completeness of the lesion was confirmed by anesthesia to pinprick in all three trigeminal divisions at the time of acute study. by SP assay of the middle cere bral artery (MCA), and by postmortem dissection of the skull base. The latter also confirmed the integrity of the greater superficial petrosal nerve.
Chemical lesion: topical application of capsaicin
Anesthesia was administered to 12 cats as before. A left temporal craniectomy, 5-8-mm diameter, was made in line with the anterior one-third of the zygomatic arch, just rostral to the floor of the middle cranial fossa. The dura overlying the temporal lobe was incised, revealing either the middle or posterior temporal branch of the MCA. The arachnoid overlying the vessel was incised. Capsaicin (Polysciences Inc., Warrington, PA, U.S.A.), was recon stituted with normal saline from a freeze-dried 1 fLM so lution (10: 10:80 of Tween 80:ethanol:saline) kept at 4°C. Capsaicin (�50 fLl), in a concentration of either 10 (n = 3) or 100 nM (n = 5), or capsaicin vehicle alone (n = 4), was painted onto the exposed artery using a teased cotton pledget moistened with the reagent. Meticulous care was taken to ensure that no capsaicin was applied to the ad jacent cortex, or spread through the subarachnoid space. After 5 min the area was irrigated with warm Ringer's solution, and the vessel was observed for 30 min before wound closure. Arterial spasm was not observed in any cat. At autopsy, some cicatrix developed at the site of capsaicin application, but not with vehicle alone. The vessel to which the capsaicin was directly applied and its tributaries were assayed separately from the remainder of the MCA territory.
Ethmoidal nerve division
Two cats were anesthetized as described above. Atro pine 0.1 mg was administered to minimize the effect of vagal activation during manipulation of the eye. Through a left superomedial orbital incision, the subperiosteal plane was entered. The globe was retracted laterally, and the exposure was deepened along the medial orbital wall until the ethmoidal artery and nerve were identified. The contents of the ethmoidal foramen were cauterized and divided. Animals were killed 14 days later by pentobar bital overdose and the cerebral vessels were removed for immunohistochemical studies. Completeness of the sur gical lesion was confirmed at postmortem.
Cerebral blood flow studies
Cats were anesthetized with sodium pentobarbital (10-15 mg/kg). After endotracheal intubation, the animals were paralyzed with gallamine triethiodide (2-4 mg/kg/h) and were mechanically ventilated with a dual-phase res pirator (Harvard Apparatus, South Natwick, MA, U.S.A.). Further aliquots of pentobarbital (10-15 mg/kg) were administered as required. End-tidal COz was con tinuously monitored (Accucap, Datascope Corp., Para mus, NJ, U.S.A.), as was arterial blood pressure (Grass Instruments, Quincy, MA, U.S.A.). Temperature was maintained at 37-38°C with a heating blanket. Frequent blood gas determinations were obtained (170 pH Blood Gas Analyzer, Corning, Medfield, MA, U.S.A.). Cathe ters were placed in the aortic arch, vena cava, and left atrium for monitoring of blood pressure, withdrawal of blood and injection of drugs, and injection of micro spheres, respectively.
Blood flow measurement
Regional cerebral blood flow was determined by the radiolabeled microsphere method as described previously (Marcus et aI., 1976) . Microspheres with up to five dif ferent isotopic labels (Ce-141. Sn-I J3, Ru-103, Nb-95, and Sc-46, Nen-Trac, Du Pont, Wilmington, DE, U.S.A.) (l5-fLm diameter; 50 dpm/microsphere) were used to de termine CBF under resting conditions, during ischemia, and at varying intervals after reperfusion. Microspheres (�2 x 105/m!) were vigorously agitated for 5 min before injection during a IO-s period, followed by a saline flush. Reference samples were collected using a Harvard pump (Harvard Apparatus) starting 10 s before injection and continuing for 90 s thereafter. CBF was determined using the formula: CBF (mllIOO g/min) = (counts/g/min) x 100
x [arterial sampling rate/(total counts/min in reference blood sample)]. Gray and white matter was taken from the (a) anterior cerebral artery (ACA) territory from the parasagittal surface of the frontal lobe ; (b) MCA territory from the frontotemporal region at the level of the optic chiasm; and (c) posterior cerebral artery (PCA) territory as a wedge from the occipital pole, in addition to tissue from the caudate nucleus, thalamus, cerebellum, mid b�ain, pons, and medulla.
The reproducibility of multiple CBF determinations in anesthetized animals was established using the above method in three intact cats. While maintaining constant blood pressure, temperature, pH, and Pcoz, micro spheres were injected at varying intervals for 2 h.
Global cerebral ischemia
In all cats, the left subclavian artery was ligated at its origin. Before the onset of ischemia, systemic hypoten sion was induced either by controlled hemorrhage into a reservoir or by the continuous infusion of ATP (see ATP experiments, below). The brachiocephalic trunk was then cross-clamped, and arterial pressure was further reduced to a systolic of <50 mm Hg. The ischemic period was timed from this point, and was maintained for either 10 or 20 min before reperfusion and return of withdrawn blood. In animals subjected to 20 min of ischemia it was neces sary to infuse 2 mmol of 8.4% sodium bicarbonate solu tion during the hypotensive period to prevent cardiac ar rest from systemic acidosis. Completeness of ischemia was confirmed by microsphere determination and/or mi croscopic observation of the pial circulation visualized through a cranial window installed overlying the occipital cortex alternately on the left or right in consecutive animals.
A TP experiments
The protocol was identical to the above except that ATP was administered intravenously at a rate of 5-7.5 mg/min to induce hypotension at the onset of ischemia, and to maintain a systolic blood pressure <50 mm Hg. This was supplemented by blood withdrawal from the arterial catheter as necessary. The ATP infusion was dis continued immediately before reperfusion. A total of 120-140 mg of A TP was infused in each animal.
The time course of postocclusive blood flow changes was determined at varying intervals for up to 2 h in intact animals after either 10 (n = 7) or 20 min (n = 10) of global cerebral ischemia. Chronic trigeminal-sectioned animals were subjected to 10 min of global ischemia with (n = 8) or without (n = 7) the administration of ATP. Blood was withdrawn from the venous line when hypotension was induced solely by controlled hemorrhage. In each case, CBF was measured under basal conditions and 30 min after reperfusion, plus two to three additional time points during the following 60-90 min.
Capsaicin-treated animals underwent 10 min of isch emia, without the infusion of ATP. Hypotension was in duced by withdrawal of blood from an arterial catheter. The reactivity of the cerebral vessels was studied in eight cats before the induction of ischemia by inhalation of 5% CO2 coupled with hypoventilation (PaCOZ = 60 mm Hg).
At the conclusion of the experiment, the animal was killed by pentobarbital overdose. The brain was rapidly removed and the vessels were excised for substance P assay. The brain was fixed in 10% formaldehyde solution containing 5% sucrose for 2 days before dissection into its respective territories.
Substance P assay
Large pial vessels of equivalent length were removed from right and left MCA territories immediately after kill ing from intact, trigeminal-sectioned, and capsaicin treated cats. Vessels were frozen on dry ice and stored at -70°C until assay. Samples were homogenized in 2 M acetic acid containing 10 mM 2-mercaptoethanol. Sam ples were then assayed for SP, as previously described (Liu-Chen et aI., 1983; Norregaard and Moskowitz, 1985) . The SP antiserum (F2) provides a maximum sen sitivity (10% displacement BofBmax) of I fmolltube.
Immunohistochemistry
After chronic trigeminal ganglionectomy (n = 3) or eth moidal nerve transection (n = 2), cats were killed by exsanguination under pentobarbital anesthesia. Immuno histochemistry for CGRP, vasoactive intestinal polypep tide (VIP), or neuropeptide Y (NPY) was performed on whole-mount preparations as previously described (Ue mura et al., 1987 (Ue mura et al., , 1988 to verify the specificity of trigem inal ganglionectomy. The ascending aorta was cannulated and the animal was perfused with 3 L of 0.9% saline fol-lowed by a fixative (3 L) containing I % picric acid and 2% paraformaldehyde in 0.1 M phosphate buffer. The pial arteries were excised, washed, and placed for 30 min in phosphate-buffered saline containing 2% normal goat se rum and were then exposed to well-characterized rabbit antiserum against VIP (diluted 111 ,500) (Incstar 20077, Stillwater, MN, U.S.A.), CGRP (diluted 1/2,000) (RPNI751, Amersham, Arlington Height, IL, U.S.A.), or NPY (diluted 1/3,000) (RPN1702, Amersham) for 24 h at 4°C. Subsequently, biotinylated goat anti-rabbit immuno globulin G antibody and avidin-biotinylated peroxidase complex (Vector Lab, Burlingame, CA, U.S.A.) were conjugated to each primary antibody at room temperature for 2 h each. Immunolabeled peroxidase was visualized by incubation at room temperature for 5-10 min with 0.015% diaminobenzidine tetrahydrochloride and 0.003% hydrogen peroxide in 50 mM Tris-HCI buffer (pH 7.6).
Analysis of variance (ANOV A) or Student's t test, paired or unpaired as appropriate, were used to determine statistical significance. Probability values <0.05 were considered significant.
RESULTS

Operative procedures
Animals tolerated survival surgery well. There was no operative mortality. Ganglionectomy caused complete anesthesia to pinprick in all three trigeminal divisions, but caused no other neurolog ical deficit, except for an ipsilateral third-nerve palsy in two animals. Application of capsaicin to a temporal branch of the MCA resulted in focal con tralateral seizures for the first 60 min postoperatively J Cereb Blood Flow Me/ab, Vol. 11, No.2, 1991 in -50% of cases, but no seizures were observed in any animal subsequent to this. No anticonvulsant medication was required.
In two animals, postmortem examination after trigeminal ganglionectomy indicated some residual ophthalmic nerve fibers in the lateral wall of the cavernous sinus. Levels of SP in each MCA were normal, no asymmetry of CBF was observed during the postischemic period, and CBF values were sim ilar to those of intact preparations. These animals were not included in the statistical analysis.
Substance P assay
Comparisons between right and left sides were similar in intact (54 versus 62 fmol/vessel) and cap saicin vehicle-treated (47 versus 54 fmol/vessel) an imals. Trigeminalectomy resulted in a 64% reduc tion in SP values ipsilateral to the lesion (46 versus 16 fmol/vessel; p < 0.01). Capsaicin depleted SP throughout the hemisphere when used at concentra tions of 10 nM (50 versus 35 fmol/vessel; 29% re duction) or 100 nM (85 versus 54 fmol/vessel; 36% reduction) .
Immunohistochemistry
Trigeminal ganglionectomy caused a marked re duction in the number of CGRP-containing fibers in hemispheric vessels ipsilateral to the lesion (Fig. 1) , but not in the contralateral hemisphere. The density of VIP and NPY-containing fibers was neither in- creased or decreased by trigeminal ganglionectomy. Ethmoidal nerve section did not reduce staining of CGRP nerve fibers in any region of the cranial vas culature.
CBF: intact animals
In all groups studied, regional CBF was symmet rical under resting conditions, and values were sim ilar to those previously reported by our group (Moskowitz et al., 1989a; Sakas et al., 1989) . CBF was symmetrical in all brain regions in the three animals in which microspheres with five different isotopic labels were injected to validate the meth odology. Values were within 10% of mean during a 2-h period, and ANOV A detected no statistical dif ference in CBF between the first and fifth blood flow determinations (Fig. 2) . Reperfusion after isch emia of 10 or 20 min produced hyperemia in all brain regions, and was greater in cortical gray than white matter. In intact animals, the peak of hyper emia in cortical gray and white matter was signifi cantly greater after 20 min than after 10 min of isch emia (MCA gray matter 312 versus 245 mJlIOO gl min, p < 0.01; MCA white matter 186 versus 127 mlllOO gimin, p < 0.05) (Fig. 3) . However, the du ration of hyperemia was not different when blood flow was measured at I5-min intervals. CBF in both groups returned to control values approximately 45 min after reperfusion and was followed by delayed hypoperfusion (�65% of basal CBF), which per sisted for the remaining 75 min.
CBF: trigeminal ganglionectomy
In ganglionectomized animals, cortical hyper emia (30 min after reperfusion after 10 min of isch emia) was attenuated by up to 48% on the lesioned side in experiments in which A TP was infused dur ing ischemia, and by 22% in cases in which A TP was not administered (p < 0.05) (Fig. 4) . CBF in the intact hemisphere was unaffected by ATP. ATP did not enhance the duration of hyperemia or signifi cantly influence the phase of delayed hypoperfusion (Table 1) . MABP, Paco2, and Pao2 were similar in all the ischemia/reperfusion groups, although sys temic acidosis was less profound when ATP was administered owing to improved tissue perfusion ( Table 2 ). The number of CBF measurements made at each time point is given in Table 2 .
CBF: capsaicin treatment
Resting CBF was symmetrical and similar to the three other groups studied. Reactivity of the corti cal vessels, as determined by response to hypercap nia, was equal on left and right despite scar tissue formation at the site of capsaicin application. No asymmetry of CBF was observed in animals treated with vehicle alone. Hyperemia was attenuated in the MCA gray matter territory ipsilateral to capsa icin application (the territory to which it was di rectly applied was excluded from assay) with both 10 and 100 nM concentrations, by 38 and 59% (p < 0.01), respectively ( Table 3) . The lower dose, how ever, produced only minimal reductions in CBF in the ACA or PCA territories, whereas 100 nM pro duced a marked reduction in hyperemia throughout the ipsilateral cortical gray matter. The duration of hyperemia and degree of hypoperfusion in capsa icin-treated cats was no different from those of con trols.
DISCUSSION
In the present communication, we have estab lished the temporal profile of CBF in mUltiple sym metrical brain regions after global cerebral ischemia induced by four-vessel occlusion combined with systemic hypotension. Hyperemia accompanied reperfusion in all brain regions studied and was or 20 (n = 10) min of complete isch emia produced by temporary brachio cephalic and left subclavian occlusion combined with systemic arterial hy potension «50 mm Hg). Values are expressed as mean ± SD. CBF was similar in all cortical regions. There fore, only values for the middle cere bral artery (MCA) territory are shown. CBF in the cerebellum is shown for comparison. Physiological parameters are given in Table 2 . Hyperemia in MCA cortical gray matter territory was significantly lower after 10 than after 20 min of ischemia (*p < 0.05). Signif icant time-dependent differences were not seen within MCA white matter or the cerebellum. Time (minutes) after reperfusion greatest in cortical gray matter, where a maximum 7.5-fold increase above basal CBP was observed. The peak of hyperemia was significantly greater af ter 20 than 10 min of ischemia. CBP returned to preischemic levels �45 min after reperfusion, and was followed by hypoperfusion (65% of basal CBP), which persisted for the remaining 75 min. Postocclusive hyperemia was attenuated by up to 48% after trigeminalectomy. This effect was con fined to regions known to receive a trigeminovas cular innervation. The observed changes were spe cific, and not the result of surgical trauma, as evi denced by the symmetrical hyperemic response in two cats with incomplete ganglionectomy and nor mal SP levels. The integrity of parasympathetic (VIP) and sympathetic NPY-containing fibers has also been confirmed after trigeminalectomy. Topi cal capsaicin application was similarly effective in attenuating postocclusive hyperemia throughout the ipsilateral cortical gray matter (up to 58%). Nei ther trigeminalectomy nor capsaicin altered basal CBP, nor did they influence CBP during delayed hypoperfusion. These studies complement previous work from our laboratory demonstrating that the trigeminal nerve is an important mediator of hyperemia in cor tical gray matter. Chronic trigeminalectomy atten uates rises in CBP due to hypertension or seizures (Sakas et aI., 1989) , and increases the pial arteriolar constrictor response to topical norepinephrine (Mc Culloch et aI., 1986; Moskowitz et aI., 1988) . Post ischemic hyperperfusion is markedly reduced by le sioning of the trigeminal ganglion, but not after tri geminal rhizotomy or sham operation (Moskowitz et aI., 1989a) . Axon reflex-like mechanisms mediate this response, because peripheral axons and reflex responses are preserved after root section but not ganglionectom y (Chapman et aI., 1961) . The trigem inal nerve, however, is not involved in all hyperper fusion states. Neither ganglionectomy (Moskowitz et aI., 1989a) nor topical capsaicin ( Reperfusion: CBF (m1/ 100 g/ min)
No ATP (n = 7) Values are means ± SD. R, L: right and left sides, respectively. ACA, MCA, PCA: anterior, middle, and posterior cerebral artery territory, respectively. a Basal CBF was similar for the two groups; therefore, only values from the ATP group are shown. (Physiological parameters are given in Table 2.) b P < 0. 05.
, p < 0.01.
Postischemic hyperperfusion
Capsaicin [8-methylnonene-(6)-oyl vanillyla midel, the pungent ingredient in hot peppers, atten uated cortical hyperemia throughout the ipsilateral hemisphere when applied topically to a branch of the MCA. Capsaicin has been shown specifically to deplete primary afferent axons of substance P and CGRP by both promoting release and blocking axo plasmic transport (see for review Buck and Burks, 1986) . Topical capsaicin was marginally more suc cessful than chronic trigeminalectomy in attenuat ing hyperemia despite a smaller decrease in SP. It appears likely that SP remaining after capsaicin re sides in an unreIeasable pool (Burks et a!., 1985) . An important feature of trigeminovascular neurons is that they send divergent axon collaterals to inner vate multiple branches of the ipsilateral circle of Willis (Arbab et a!., 1986; O'Connor and van der Kooy, 1986) . Because capsaicin affects neuropep tide levels in all the collateral axons, hyperemia is reduced throughout the hemisphere after applica tion to a solitary cortical branch. The failure of eth moidal nerve section to deplete staining of CGRP fibers in the cat confirms that, as in humans (Ruskell and Simons, 1987) , selective division of trigeminovascular nerves cannot be achieved readily by surgical means alone.
Postocclusive hyperperfusion was attenuated by -50% after sensory Iesioning, indicating that addi tional mechanisms also contribute to the hyperemic response. Other neurogenic explanations would in-c1ude vasodilation from VIP-containing parasympa thetic projections from the sphenopalatine, otic, and satellite ganglia (Gibbins et a!., 1984; Suzuki et a!., 1988; Walters et a!., 1986) , or from sensory fi bers projecting from carotid mini-ganglion cells lo cated just proximal to the cavernous sinus (Suzuki et a!., 1989) . The latter may account for the slightly greater attenuation of hyperemia by capsaicin treat ment than by trigeminalectomy. Nonneurogenic factors would include free oxygen radicals (Kontos, 1985; Wei et a!., 1986; Wei and Kontos, 1987) , and endothelium-dependent mechanisms. ATP is re leased from the brain during hypoxia (Pull and McIlwain, 1972; Kuroda and McIlwain, 1974; Burn stock, 1982) , and causes profound pial arteriolar di latation. CBF increases via endothelium-dependent mechanisms (Berne et a!., 1974; Furchgott and Zawadzki, 1980; Hopwood et a!., 1989) . ATP is also a stimulator of C-fibers (for review see Alafaci et a!., 1988) . Furthermore, ATP is rapidly dephospho rylated extracellularly to form adenosine, inosine, and hypoxanthine (Fredholm and Hedqvist, 1980) . Adenosine A2 receptors have been identified on fe line cerebral vessels, and adenosine has been sug gested as an important link between increases in CBF and cerebral metabolism (Berne et aI., 1974; Winn et aI., 1981) . Adenosine levels increase during ischemia, hypotension, hypoxia, and after bicucul line-induced seizures (Berne et aI., 1981; Winn et a!., 1981; Hoffman et aI., 1984) . The ensuing hype remia can be attenuated by the adenosine receptor 
Arterial pH Time (min) after reperfusion Values are mean ± SD. Tx, left chronic trigeminalectomy; ATP-, ATP+, without or with administration of ATP during ischemia, respectively. antagonist theophylline (Hoffman et aI., 1984) . The rationale for the administration of ATP in this study was to induce hypotension by decreasing systemic vascular resistance (Stange et aI., 1989) , and to maximize C-fiber activation, and thereby establish the limit to which neurogenic mechanisms can in fluence postischemic hyperperfusion. P ac02 is un likely to be an important mediator of hyperperfu sion, despite its elevation in the early reperfusion period. Global ischemia abolishes the cerebrovas cular response to hypercapnia for many hours (Hossmann et aI., 1973; Koch et aI., 1984; Schmidt Kastner et aI., 1986) .
Delayed hypoperfusion
The mechanisms underlying delayed hypoperfu sion are incompletely understood. Measurements using microspheres of different diameters have con firmed that the reduction in CBF is not simply the result of a change in the filtration capacity of the brain for 15-fLm-diameter micro spheres because of arteriovenous shunting (Hossmann et aI., 1978) . The resistance of both extra-and intracortical ves sels is increased (Schmidt-Kastner et aI., 1987) . Al though in the normal brain, blood flow is closely related to cerebral metabolism, during hypoperfu sion CBF is lowered disproportionately to the re duction in brain glucose use (Pulsinelli et aI., 1982a) . There is no evidence to implicate activation of central noradrenergic nerves (Blomqvist et aI., 1984) , mechanical compression of capillaries by glial swelling, or the aggregation of red blood cells or platelets (Pulsinelli et aI., 1982b; Petito et aI., 1982) . CBF cannot be increased by elevating arte-rial or tissue Pc02, nor by increasing blood pressure (Hossmann et aI., 1973) . Infusion of prostacyclin, a potent vasodilator and inhibitor of the aggregation of platelets, is of no benefit (van den Kerckhoff et aI., 1983) . An increase in vascular smooth-muscle tone resulting from altered calcium ion homeostasis appears to be likely (Takagi et aI., 1977; Boullin, 1980; Miller et aI., 1980) , but other mechanisms may also be involved. Dietrich et al. (1984) have demonstrated narrowing of capillaries by endothe lial microvillus formation.
The duration of hypoperfusion has not been es tablished in this model. After 1 h of global ischemia in cats, Hossmann et al. (1978) noted a return to near-normal CBF approximately 2-4 h after reper fusion. This is in contrast to the situation in humans in whom, after cardiac arrest, CBF may remain de pressed for up to 60 h (Beckstead et aI., 1978) . Al though the significance of postischemic hypoperfu sion is unknown, it may lead to additional neuronal damage because CBF is lowered disproportionately to the reduction in cerebral metabolic rate (Levy et aI., 1979; Pulsinelli et aI., 1982a; Blomqvist et aI., 1984) . In this regard, the absence of a significant deleterious effect of either trigeminal ganglionecto my or capsaicin application may be important in a clinical context.
Clinical implications
These data indicate that trigeminal neurogenic mechanisms are an important component of post ischemic cortical hyperperfusion. Hyperemia can be attenuated by both surgical or chemical means without adversely affecting resting CBF, the vascu-lar response to hypercapnia, or CBF during postoc clusive hypoperfusion. If the hyperemia that fol lows reversible ischemia increases the propensity for cerebral hemorrhage (e.g., after spontaneous or drug-induced clot lysis), then strategies aimed at blocking axon reflex-like mechanisms may be of some therapeutic benefit.
